ABSTRACT: Particulate HgS is generally thought to be the most abundant Hg species in stored petroleum hydrocarbons stocked on-shore. It is also assumed that due to its high stability constant, HgS is chemically inert. However, results from the current study would suggest otherwise. Firstly, a comparison study of the analytical performance of ICP-MS and CV-AFS with respect to matrix effect, showed no significant difference in the measured Hg concentrations in studied samples when CV-AFS is used in the alkali mode. Subsequently, the suitability of three quantification methods during Hg speciation was investigated. Both external calibration and standard addition methods resulted troublesome with the former showing matrix dependence and the latter being hindered by the formation of an emulsion during the derivatisation step. Results from species-specific isotope dilution (SS-ID-GC-ICP-MS), on the other hand, performed at different equilibration times, showed a random variation in the calculated Hg 2+ concentration (RSD 32%), 2 suggesting that factors independent of equilibration time cause the observed variation.
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suggesting that factors independent of equilibration time cause the observed variation.
Further sedimentation of Hg particulate by means of ultracentrifugation improved the precision of SS-ID-GC-ICP-MS by 10-fold. These results would suggest that Hg particles in petroleum products are reactive at low temperature during Grignard alkylation.
INTRODUCTION
Fossil fuels including coal, petroleum and natural gas, shale oil and other bituminous fuels, are formed by anaerobic decomposition of organic material remains. Crude oils, belonging to the group of petroleum liquids, consist predominantly of hydrocarbons with minor amounts of impurities, including organic and inorganic metal complexes.
1 While some metal complexes, mainly focusing on nickel and vanadium porphyrins have been extensively studied, the geochemical origin of other metal impurities such as mercury is still not well understood. 2 One possible explanation is the ancient atmospheric deposition of Hg from volcanic eruptions resulting in global impacts, including Hg impacts to hydrocarbons. 3 However, as the Hg concentration varies with different geographical origin by several orders of magnitude; it is believed that secondary geological processes may play an important role. Considering the presence of Hg belts within the Earth crust, it is assumed that high pressures and temperatures could mobilise Hg from the source rock leading to Hg migration and re-deposition in the reservoir. 4 The 1973 Skikda plant explosion in Algeria raised awareness of the potential corrosion impacts on metal from Hg-containing hydrocarbons. The Skikda explosion was attributed to Hg facilitated corrosion. There are two types of Hg corrosion; amalgamation and liquid metal embrittlement (LME). Almost all metals are 3 susceptible to mercury amalgamation, which can be triggered by defects in the oxide layer, thus potentially compromising the properties of the metal. On the other hand, LME is caused by diffusion of liquid Hg into the grain boundaries of the alloy potentially resulting in the loss of ductility and formation of cracks along the grain boundaries. 5 Both types of Hg corrosion require close monitoring if one considers that operations on the petrochemical plants are carried out under high pressure and temperature.
Due to the potential impact that Hg may have on the refining processes, several monitoring controls are followed to determine its concentration. The analytical methods for detection of total Hg in hydrocarbons vary significantly; the most common methods include acid digestion, 6 oxidative extraction, 7, 8 combustion/trap 9 and vaporisation/ICP-MS. 10 Each method requires different sample preparation.
Depending on the concentration of Hg in the sample, different instrumentation is employed. Acid digestion is typically employed for matrix decomposition and chemical oxidation of mercury species to Hg 2+ form. For the concentrations in ng/kg range cold vapor atomic fluorescence spectroscopy (CV-AFS) with a gold trap showed excellent results. 11 Additionally, for the µg/kg range acidic digest can be analysed by inductively coupled plasma (ICP) followed by mass spectrometry (MS) 6 or atomic emission spectrometry (AES). 12 However, acid digestion is prone to sample contamination as laborious sample preparation is needed. On the contrary, the combustion/trap technique has much simpler sample preparation, as the actual sample is introduced into the combustion chamber where the entire matrix with analyte is 
Speciation analysis using SS-ID-GC-ICP-MS.
Species specific isotope dilution mass spectromtetry is described in detail elsewhere. 16, 17 Thermodynamically reduction of sulfates to sulfides by SnCl 2 in the acidic conditions is feasible as the redox potential for sulfate is higher (E h = +0.4 V) 20 than the redox potential of Sn 2+ (E h = +0.1 V). 21 Therefore, in order to overcome sulfate reduction while maintaining Hg reduction efficiency, the CV-AFS was operated under alkali conditions i.e. 2% SnCl 2 was prepared in NaOH Previous studies showed that a high content of dissolved carbon in the sample digest might enhance or suppress the ICP-MS signal. This is greatly dependent on the amount of carbon entering the plasma and identity of the actual analyte. 22 Because the samples are mainly hydrocarbons with minor impurities from other elements, two calibration methods using ICP-MS were tested: external calibration and standard addition. Although, it could be expected that external calibration method will result in biased quantification due to matrix differences, the actual results in this study did not show a significant difference (t-test, p = 0.99) between Hg concentrations obtained by tested calibration methods most probably due to high dilution factor (Table 3) . Figure S1 ). The presented results demonstrated the capability of both techniques to cover a wide concentration range of Hg with a good performance and providing confidence in the data.
Hg species quantification by external calibration method. Various solvents for the preparation of calibration standards have been described in the open literature 25, 26 and therefore isooctane, toluene and o-xylene were used in this study to assess the instrument response to the analyte in different matrices. The selection of these solvents is based on their inherent solubility with hydrocarbon and derivatives from petroleum. Calibration standards of MeHg + and Hg 2+ with the same nominal concentrations were derivatised in the same way as the samples and in order to calculate the linear regression derivatised standards were injected to GC-ICP-MS. However, during the Grignard derivatisation of the studied samples, emulsification was observed after the addition of H 2 SO 4 . This resulted in the formation of 3 distinct layers after centrifugation of the samples. Emulsion separated the aqueous and organic layer of the mixture and was of dark brown colour. The texture resembled wax but the real identity has not been investigated. Interestingly, the amount of emulsion formed varied between replicates of the same samples.
The formation of the emulsion could be a major limitation of the application of standard addition for the quantification of Hg species in hydrocarbon samples; it seems that potential natural surfactant present in these types of petroleum hydrocarbons samples could be activated during the derivatisation and subsequently promote the formation of emulsion. 28 Other properties such as density, asphaltenes content and total acid number should be taken into consideration prior the use of this 15 technique. As spiked Hg species prior to derivatisation may be trapped within the formed emulsion layer, quantification would not be accurate. Therefore, it would be necessary to calculate the recovery of the standard added into the sample for which external calibration is needed.
Hg species quantification by species specific isotope dilution mass spectrometry (SS-ID-GC-ICP-MS). This quantification technique is generaly
thought to be very accurate and precise and its principle is based on the alteration of Hg isotopic ratio in the studied samples by addition of an enriched standard. 16, 17 Altered isotopic ratio is determined from the monitored signals of the respective isotopes by ICP-MS. Because the isotopic ratio in the sample is changed prior to derivatisation and/or extraction step, this technique is independent of the derivatisation and/or extraction efficiency during the sample preparation steps. The randomness of the variation suggests that a factor other than the equilibration time is causing this variation. A possible explanation may lay in the reactivity of the suspended Hg that could be in the domain of nanoparticles. It has been previously reported that Hg particulate in crude oil samples could be HgS, which is assumed to be the dominant species in the petroleum hydrocarbons stocked on-shore. 8 Nonhomogeneous distribution of these particles within the samples may result in each sub-sample containing different amounts of this Hg species. Although, the high stability constant of HgS (K sp = 10 52 ) predicts its low reactivity in the presence of other ligands it is possible that the activity may depend on particle size distribution or if it is present in bulk. Supporting this hypothesis, a recent study showed that by exposing sulfate-reducing bacteria to HgS in nano and micro-particulate form, the overall methylmercury production in cultures exposed to nanoparticles was 6 times greater than in cultures containing micro-scale particles. 29 The above could be supported considering that under macromolecular solid domain, surface atoms contribute with only relatively small fraction, which is available to interact with the substrate, whereas in nanoparticles domain practically all atoms are available. Then, such atoms have lower coordination numbers than in the bulk and as a consequence, which leads towards the main characteristics of nanoparticles: is their inherent reactivity due to the high surface area-to-mass ratio available in comparison with bulk which modified the surface chemistry. 30, 31 Thus, there is a combined effect;
first, greater accessibility to all constituent atoms on the surface concomitantly, enhanced activity because of the low coordination number they exhibit. Furthermore, nucleated nanoparticles possess high surface energy, which predicts their high reactivity and tendency towards formation of aggregates beyond the nanoscale.
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However, interactions of nanoparticles with molecular structures like natural organic matter can mitigate the surface energy instability and enable the particles to persist in the nano-scale for longer period. 33 Consequently, the matrix in which the nanoparticles are being formed dictates the reactivity of suspended HgS. Therefore, owing to the non-homogeneous distribution of particulate Hg within the subsamples, random variation in the calculated concentrations will be observed even after complete equilibration as a result of some Hg particles' susceptibility to alkylation.
To visualise the homogeneity of Hg distribution, a drop of sample E was used for LA-ICP-MS analysis. Background corrected 2 D map obtained from the experiment confirmed not only non-homogeneous distribution of the analyte but also formation of large Hg containing aggregates (Figure 3) . In a recent study Gaulier, et al., 34 identified
formed Hg aggregates as HgS particles using scanning electron microscope with energy dispersive spectroscopy. The average size of the particles was found to be 1 µm in diameter and the particles formed aggregates of 5 -10 µm in size. 
